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During the last several decades, innovative directions of modern science, named as 
“nanotechnology and nanoengineering” have been developed involving the ability to fabricate, 
characterize and manipulate artificial structures, the characteristics of which are controlled at the 
nanoscale ranges. These trends make the researchers acquire comprehensive multidisciplinary 
knowledge in such areas as engineering, physics, chemistry, materials science and biology. 
Realizing the key principles of nature at such small scales the scientists become able to create 
and develop sophisticated but, at the same time, powerful methods which embrace the newest 
achievements in the mentioned above areas. As a result, the discovered properties of 
nanomaterials and nanostructures have been combined in highly promising research strategies, 
which establish completely new approaches as well as improve the efficiency and performance 
of already existing techniques. 
       In this context, plasmonics is an exciting powerful tool, which has already found a great 
number of applications in different fields, including biophotonics, electrical engineering and 
biomedicine. By exploiting the unique optical properties of noble metal nanostructures, it allows 
us to manipulate the light at subwavelength scales beyond Abbe’s resolution limit [1]. For 
instance, the light can be precisely routed within the designed plasmonic waveguides increasing 
the efficiency of data transmission in optical telecommunication systems [2]. Another fascinating 
property of surface plasmons is a near-field enhancement of the initial electromagnetic field. 
This electromagnetic field enhancement is essential for the surface enhanced Raman scattering 
(SERS) spectroscopy, which is now able to detect even a single molecule [3], [4]. The possibility 
to enhance the electromagnetic field at plasmonic nanostructures is also attractive for the 
research in nonlinear optics since nonlinear processes in the most of materials strongly depend 
on the magnitude of the light intensity [5].  
       It stands to reason that plasmonics has been intensively studied not only for 
telecommunication, biosensors and nonlinear optics but also for biomedical applications since 
mankind still suffers from the life-threatening diseases, such as carcinoma, melanoma and 
leukemia. The exceptional properties of noble metals at nanoscale provide us with an 
opportunity to develop new methods to detect these illnesses at the early stages as well as to cure 
them in a less harmful way than the existent approaches. For instance, the gold nanoparticles 
(AuNP) can be used as contrast agents in microscopy and optical coherence tomography 
increasing the efficiency of these diagnostic techniques [6]. Some researchers demonstrated that 
AuNP can be also used in photothermal treatment of melanoma and breast cancer since the 
localized surface plasmon excitation causes a strong light absorption, which induces thermal 
heating in the plasmonic nanoparticles accumulated in the diseased cells [7], [8].   
       As it can be seen from the mentioned examples, plasmonics have a great potential in various 
research areas. Therefore, it is not surprising that it also entered the field of laser-based cell 
transfection (also referred “optoporation” or “photoporation”) – the technique to deliver the 
foreign genetic material into the living cells focusing the laser beam on the cell membrane to 
increase its permeability for the external DNA/RNA molecules [9]. In this particular application 
plasmonic properties of gold play an important role to achieve the high throughput as well as 
viability of the treated cells [10], [11], [12]. However, the efficiency and biocompatibility of this 
approach can be significantly improved by using different gold nanostructures, which have 
several strong advantages over the current usage of gold nanoparticles. Specifically, in the frame 
of this work we will demonstrate that currently developing plasmonic nanostructures can be 
applied not only in SERS spectroscopy but also for the surface plasmon mediated cell 








2 Plasmonics: fundamentals and applications  
In order to realize how plasmonics can be applied in biophotonics and biomedicine, the reader 
should understand properly the nature of surface plasmons (SP) and their key properties. 
Therefore, in this chapter we will be discussing the fundamental basis of plasmonics.  
 
 
Fig 1: Collective oscillations of free electrons with the incident electromagnetic field E at a) a 
flat metal-dielectric interface (SPP) and b) a noble metal nanoparticle (LSP) 
 
       The entire chapter is divided in two main sections. The first one is devoted to the 
propagating along the surface plasmon modes (Fig. 1a), also known as surface plasmon 
polaritons (SPP) and it also describes the localized surface plasmons (LSP) confined at the finite 
volume of noble metal nanoparticles (Fig. 1b). The second section shows the current research in 
applications of plasmonics, specifically, for spectroscopy and living cells optoporation.  
 
2.1. Fundamentals of plasmonics 
Surface plasmon polariton is an electromagnetic excitation propagating at the interface between 
dielectric and metal, which decays exponentially with an increasing distance from the surface 
(Fig. 1a). These electromagnetic waves can be induced via coupling of the incident 
electromagnetic fields to the oscillations of free electron plasma in the studied metal. The 
mathematical derivation of SPP is based on Maxwell’s theory of electrodynamics and Drude-
Lorentz model of materials and can be found in [13], [14] and [15], whereas in this work we will 
discuss only the important consequences of these theories. 
 
2.1.1 Surface plasmon polariton 
For the frequencies in the visible light spectrum metals are absorptive and reflective, not 
allowing the electromagnetic waves to penetrate through them. Due to this reason metals are 
usually employed in optics as reflecting coatings for the waveguides, mirrors and laser cavities. 
Such optical properties of conductors are mainly explained by Drude-Lorentz model according 
to which the real part (ε’) of the electric permittivity is negative while the imaginary part (ε”) has 
a significantly high value. In general, the permittivity for metals can be written in complex form 
as εm= ε’+i ε”. Conventionally in physics, ε’ is interpreted as a light dispersion whereas ε” 
corresponds to the absorption of light in material. However, if we solve Helmholtz’s wave 







where kspp is SPP wavevector, k0=ω/c is a light wavevector in free space, εm(ω) and εd(ω) are 
electric permittivities for the metal and dielectric, respectively. Further εm(ω) and εd(ω) will be 
justified as εm and εd but the reader should keep in mind that the optical properties of any 
material are frequency-dependent.  
       The equation (1) is valid for the real and complex electric permittivities and embraces the 
unique properties of metals. Specifically, when the real part of permittivity for metal ε’ is 
considerably larger than εd that εm+εd<0, the resulting square root gives the rise to the 
exponentially decaying solutions – surface plasmon polaritons. The best conducting materials, 
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which has sufficiently large negative ε’ at the visible spectrum range, are noble metals, including 
gold, silver and copper. Their optical properties make them, especially, attractive for plasmonics.  
 
 
Fig. 2.1.1.1: Dispersion relation of SPP at metal-dielectric interface (green curve) 
 
       If we sketch the derived expression (1) where the angular frequency is represented as a 
function of the wavevector (Fig. 2.1.1.1), we can take a closer look at the nature of surface 
plasmon polaritons. Particularly, the dispersion curve (green line) for the metal-dielectric 
interface lies to the right side of the respective light line for the air, indicating that the surface 
plasmon polaritons are purely evanescent waves, which cannot be excited directly by the 
propagating light in free space. This implies that SPP excitation is possible only under special 
phase-matching conditions, which can compensate the occurring momentum mismatch. In 
addition, according to (1) SPP can exist only for TM-polarization (E-field component is situated 
within the plane of incidence) due to the continuity of the electric and magnetic fields, which 
cannot be fulfilled for TE-polarized light. 
 
Fig 2.1.1.2: SPP excitation techniques: a) Kretschmann’s configuration; b) excitation with a 
SNOM fibre tip; c) diffraction on a reflective grating 
 
       There are several strategies to compensate the momentum mismatch for SPP excitation (Fig. 
2.1.1.2). The most well known one is so-called Kretschmann’s geometry (Fig. 2.1.1.2a), where a 
metal film is illuminated through the prism, which has a higher refractive index than the medium 
in which the plasmons are induced (εprism>εd). This method is based on the coupling of SPP 
wavevector to the evanescent waves associated with a total internal reflection (ATR) at the 
critical angle θ: 
𝑘!"" = 𝑘! 𝜀!"#$%𝑠𝑖𝑛𝜃 (2) 
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       If we solve Fresnel equations for Kretschmann’s configuration (Fig. 2.1.1.3a), which 
consists of the prism (εprism=2.25 - silica), noble metal film (εmetal=[16] - gold) and water 
(εdielectric=1.33). The incident light with the wavelength of λ=850nm is TM-polarized and 
propagates through the prism to the gold interface. The resulting set of Fresnel equations will 
give us the solution in terms of the complex reflectivity coefficient with the exponentially 
decaying component 𝑒!!!!!, where d is a thickness of the metal film. In case if kx=kssp in the 
equation (2), the phase-matching condition will be satisfied and the reflectivity will be 
approaching to zero whereas the metal thickness d will determine the sharpness of the resulting 
SPP resonance (Fig. 2.1.1.3b). Succeeding the SPP resonance we will induce the propagating 
surface plasmon modes, which will greatly enhance the initial electromagnetic filed. This near-
field enhancement is very sensitive and strongly depends on the excitation wavelength, critical 
resonance angle, applied materials and thickness of the metal. Under suitable parameters 
Kretschmann’s configuration can provide us with almost 100% of efficiency but the use of bulky 
prisms limits this approach in applications considerably.  
  
Fig. 2.1.1.3 a: Kretschmann’s geometry as a 
silica-gold-water layered structure with 
corresponding SPP excitation 
Fig. 2.1.1.3 b: Reflectivity as a function of the 
incident angle in Kretschmann’s configuration 
for different gold film thicknesses 
 
       The development of scanning near-field optical microscopy (SNOM) introduced another 
approach to induce SPP locally on a metal surface (Fig. 2.1.1.2b). The illuminated through the 
SNOM tip light excites SPP, which propagate away from the tip in a circular fashion. Although 
this configuration allowed the researchers to prove experimentally the existence of SPP modes, 
the distance between the surface and the tip (typically in the range between 10 and 100nm) 
significantly restricts the possibility to use this method for biomedical applications.     
       Alternatively, we can overcome the momentum mismatch by coupling the SPP wavevector 
to the diffracted light at the metal grating (Fig. 2.1.1.2c). Assuming that the grating has a 
periodicity p, the phase-matching takes place whenever the condition: 
𝑘!"" = 𝑛!𝑘!𝑠𝑖𝑛𝜃 + 𝜈𝐺 (3) 
is fulfilled, where G=2π/p is a reciprocal vector of the grating, nd is the refractive index of the 
medium where the plasmons are induced while ν={…-2, -1, 0, 1, 2…} is an order of diffraction. 
Such an excitation strategy can provide us with efficient coupling to both air–metal and 
substrate–metal plasmon modes if the layer thickness and grating features are optimally related. 
Similarly to Kretschmann’s prism coupling, SPP excitation in this technique is detected as a 
minimum in the reflected light. In addition, in the same manner SPP can be induced at the rough 
surfaces or nanofeatures without any special periodical arrangements, where random diffraction 
components of the incident light couple to SPP wavevector. However, such method has very low 
efficiency due to the non-resonant condition of light-to-SPP matching, which leads to the ill-
defined surface plasmon modes. 
       Overall, there is a large number of strategies in which SPP can be excited, including Otto-
Kretschmann configuration and tightly focused optical beams. However, the principles of these 
methods are similar to those described above. Regarding this project, the SPP excitation is 
performed using diffractive nanostructured gratings, which will be discussed in chapter 3 and 4.   
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2.1.2 Localized surface plasmon 
In addition to SPP, which propagate at infinitely extended planar metal-dielectric interfaces, 
confined surface plasmon excitations can be induced in other geometries (Fig. 1b), including 
metal nanoparticles (NP) or voids of various nanostructures. These plasmon excitations in the 
finite volume geometries are named localized surface plasmons (LSP). The key mechanism of 
this surface plasmon excitation is coherent oscillations of conductive electrons driven by the 
incident electromagnetic field. These coherent electron oscillations, which are strongly 
concentrated within the particle or nanostructure, induce dipole-dipole separation, which results 
in localized surface plasmons (Fig. 1b).  
       LSP has attracted the great interest of researchers for the last decade due to the simplicity of 
their excitation and different plasmonic properties. In this section we will have a short review 
over the main properties of the localized surface plasmons, which are also observable for the 
surface plasmon polaritons. In particular, we will be considering various shapes of AuNP, 
including nanosphere, nanoprism and nanorod, the parameters of which are summarized in Table 
2.1.2.1. 
 
Table 2.1.2.1: Structural and material parameters of the nanoparticles:  




   
Size parameters: Diameter: 
dS={50; 100; 150}nm 




Metal: Gold [16] Gold [16] Gold [16] 
Dielectric: Air (εAir=1) Air (εAir=1) Air (εAir=1) 
Wavelength: λexc=400-700nm λexc=500-800nm λexc=500-800nm 
    
       Spherical nanoparticles are the most well studied geometries since the simple bottom-up 
fabrication methods allow us to control precisely their size, which plays an important role for the 
plasmon excitation. For instance, if the NP diameter dS is much smaller than the excitation 
wavelength λexc (dS<<λexc), the corresponding LSP resonance frequency can be defined in the 
quasi-electrostatic approximation (QSA) by solving Laplace’s equation with regards to the 
appropriate boundary conditions [14], [15]. According to this model the solution becomes scale 
invariant, which implies that the size of the particle does not influence the near-field 
enhancement.  
       However, when the light interacts with NP, which has a size comparable to the wavelength 
(ds~λexc), the non-retardation QSA approximation is not applicable anymore due to the 
occurrence of scattering effects and we need to apply Mie scattering theory, which provides us 
with fully analytical solution [14], [15], [17].  
 
   




       According to Mie scattering theory, the optical properties of the particle can be studied by 
means of the absorption σabs, scattering σscat and extinction σext cross-sections [18]. The 
absorption coefficient characterizes how much energy is lost due to the interaction of light with 
material, while the second coefficient shows the corresponding light scattering due to this 
interaction. The last parameter represents energy losses from the incident beam due to both 
scattering and absorption; thus, the extinction cross-section can be expressed as: 
𝜎!"# = 𝜎!"# + 𝜎!"#$ (4) 
The equation (4) allows calculation of the relevant optical properties based on the incident light 
intensity. Interestingly, when dS<<λexc, the absorption of light dominates over the scattering as it 
can be seen in the Fig. 2.1.2.1a and Fig. 2.1.2.2 left for the particle with a size of 50nm. Such 
strong absorption originates from the tight confinement of free electrons within this small 
volume. It implies that the coherently oscillating conductive electrons dissipate the energy 
significantly due to their collision with atomic lattice in the metal [19]. However, with an 
increasing NP size the light scattering becomes stronger (Fig. 2.1.2.1b and Fig. 2.1.2.2 centre) 
and, when the particle diameter reaches the comparable to the excitation wavelength values 
(ds~λexc), it prevails over the absorption (Fig. 2.1.2.1c and Fig. 2.1.2.2 right). 
 
   
Fig. 2.1.2.2: LSP near-field enhancement of the incident electric field for the spherical AuNP 
with diameters of left) 50nm, centre) 100nm and right) 150nm 
 
       The size of the particle also influences the LSP resonance (LSPR) at which maximal near-
field enhancement can be achieved [20]. Fig. 2.1.2.3a represents the extinction cross-sections for 
50nm, 100nm and 150nm in AuNP diameter. The smaller particles usually have a resonance 
wavelength in the range between 500 and 530nm while for the larger ones it shifts to the near-
infrared (NIR) spectrum due to the dominating light scattering. Besides the spectral shift, the NP 
size-dependence also causes the broadening of the resonance (Fig. 2.1.2.1c) due to the high 
radiation losses within the particle volume. In addition, the larger NP may activate the multipolar 
resonances (quadrupolar resonances), which do not couple to light effectively for NP with 
smaller sizes.  
       
  
Fig. 2.1.2.3: LSPR dependence of a) the nanoparticle size and b) surrounding media 
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       The LSP resonance also depends on the optical properties of the surrounding medium [21]. 
For instance, Fig. 2.1.2.3b shows the calculated extinction cross-section for AuNP of 50nm in 
size immerged in various dielectrics, including air (n=1), water (n=1.33) and silica (n=1.54). As 
it is evident from the shown graph, the higher refractive index leads to the slight shift of the 
resonance wavelength to the NIR region as well as increase of the absorption and, as a result, the 
near-field enhancement.      
 
   
Fig. 2.1.2.4: LSP near-field enhancement of the E-field for the gold nanorod: left) transverse 
and right) longitudinal polarizations; centre) LSPR dependence of the light polarization 
   
       LSP excitation is sensitive not only to the size and surrounding dielectric medium but also to 
the light polarization. For this case, let’s consider a gold nanorod particle with a length of 120nm 
and width of 40nm (Table 2.1.2.1). In case if the electric field (E-field) is aligned across the rod 
length (transverse), the resulting near-field enhancement and LSP resonance wavelength will be 
almost the same as it was observed for the spherical AuNP (Fig. 2.1.2.4 left and centre). 
However, if the polarization of the excitation light is directed along this geometry (longitudinal 
E-field), the resonance spectral position shifts to the NIR region (Fig. 2.1.2.4 centre) leading to 
the strong LSP enhancement of the local electric field (Fig. 2.1.2.4 right). Such behaviour of 





Fig. 2.1.2.5: LSP near-field enhancement of E-field for the gold nanoprism: left) longitudinal 
and right) transverse polarizations; centre) LSPR dependence of the light polarization 
 
       There is ample evidence that the light polarization plays a critical role for non-spherical 
geometries as it is observed for the prolate nanoparticles; hence, the shape of the particle also 
donates to the surface plasmon excitation. As another example, we can observe shape-dependent 
excitation of plasmons for more complicated structures, including the prism-shaped 
nanoparticles (see illustration in Table 2.1.2.1), which have sharp voids and corners. The 
localized surface plasmons at such structures are strongly confined at the edges (Fig. 2.1.2.5 left, 
point II) and corners (Fig. 2.1.2.5 right, point I) for the corresponding E-field directions.  
       In contrast to the nanorods, the nanoprism particles have more than one resonance condition 
related to a given geometrical shape. Fig. 2.1.2.5 centre shows the double resonant spectra which 
allows us to tune the plasmon modes localization from the sides (Point II, Fig. 2.1.2.5 left) to the 




       Another remarkable property of surface plasmons is an ability to couple to each other when 
the structures at which they are induced with an appropriate polarization are separated with a 
small distance. In case of already discussed gold nanorod and nanoprism particles, plasmon 
coupling results in a drastically enhanced local electromagnetic field. Fig. 2.1.2.6 shows LSP 
enhancement of E-field for two nanorods (left) and two nanoprisms (right) separated with gap of 
10nm for both examples. An important point is that when the nanoparticles approach each other 
reducing the distance in-between, the induced dipoles start to interact. Due the this dipole-dipole 
interaction the spatial distribution of the electromagnetic fields alters, resulting in even more 
amplified light intensities, which can induce non-linear effects in the surrounding dielectric 
medium [5], [24]. However, we should be careful in reduction of the separating gap since at very 
small values (typically less than 1nm) the coherently oscillating conductive electrons in the 
metal can flow through the insulating barrier due to the occurring quantum tunnelling effect [25]. 
This effect considerably affects the surface plasmon excitation causing discretization, 
hybridization and quantum retardation of the plasmon modes.  
 
  
Fig. 2.1.2.6: LSP near-field enhancement of the E-field for the plasmon coupling between two 
gold left) nanorods and right) nanoprisms separated by the gap of 10nm 
 
       The plasmon coupling properties can be observed not only for the nanoparticles and sharp 
voids of the nanostructures which exhibit LSP, but also for SPP when these propagating modes 
pair to the confined surface plasmons. Actually, all the properties of LSP, including material-, 
size- and shape-dependence, discussed in this section are also observable for the surface plasmon 
polaritons. The key difference between these two electromagnetic excitations is that SPP can be 
induced at any wavelength if the phase-matching condition is fulfilled whereas maximal LSP 
enhancement can be achieved only at specific resonance frequencies. Nevertheless, LSP 
exhibiting nanostructures became more preferable for biomedical and chemical applications due 
to the wide range of laser sources while the SPP momentum compensation techniques are 
commonly believed to be “complicated” and “non-practical”. However, this work will 
demonstrate the technical simplicity and possible commercial availability of the nanostructures 
at which surface plasmon polaritons can be excited. 
 
2.3 Application of plasmonics 
In the preceding section we had a brief overview over SPP and LSP properties, which make 
plasmonics highly attractive for various application fields. Particularly, in this part of the work 
we will discuss the key benefits of plasmonics in biomedical studies for living cells as well as 
biosensing and detection of different molecules in chemistry, biology and nutrition science. 
Among all the current research in applied plasmonics the greatest attention will be paid to the 
intensively developing surface-enhance Raman scattering (SERS) spectroscopy and laser-based 




2.3.1 Surface enhanced Raman scattering spectroscopy 
It has been more than seventy years since Sir C.V. Raman received Nobel Prize in Physics for 
his experimental demonstration of the inelastic scattering of light, which, subsequently, led to the 
establishment of a new chemical characterization technique named after its discoverer – Raman 
spectroscopy. This method is unique in its detection sensitivity providing us with Raman spectra 
of the specific molecule in an analogy to the human fingerprints. In contrast, for example, to 
Fourier transform infrared (FTIR) spectroscopy this approach enables the possibility to detect 
different substances in water-based media, which opens new horizons for its implementation in 
diagnostics of living cells [26], [27]. Nowadays, Raman spectroscopy is developed and modified 
in various ways, including SERS, TERS and resonance Raman spectroscopy, but, at first, we 




Fig. 2.3.1.1: a) Jablonski’s diagram for the fluorescence process; b) Molecular structure of 
crystal violet dye; c) Jablonski’s diagram for Rayleigh and Raman scattering processes 
 
       In order to understand the key principles of Raman effect, let’s consider crystal violet (CV) 
dye, the molecular structure of which is represented in Fig. 2.3.1.1b. In general, this molecule is 
widely used for the immunohistochemical staining of tissues and living cells since it has a strong 
affinity towards the phospholipids in the cell membrane [28]. As a dye, CV has fluorescent 
properties, which can be described in Jablonski’s diagram as a process of different time-
dependent events (Fig. 2.3.1.1a). The fluorescent process starts with the absorption of an exciting 
photon from the ground singlet state S0 to the first state S1 (Fig. 2.3.1.1a, green arrow), where the 
molecule undergoes vibrational relaxation (Fig. 2.3.1.1a, red arrow). After some time (typically, 
several nanoseconds), the molecule goes back to the vibrational levels of the ground state S0, 
emitting a photon with a longer wavelength (Fig. 2.3.1.1a, violet arrow) [29].  
       In contrast to the fluorescence process, where the initial photon should have sufficient 
energy to make the dye reach the state S1, Raman inelastic scattering occurs almost 
instantaneously, when the excitation photon is not necessarily absorbed (otherwise, this process 
becomes resonant Raman scattering) but transports the molecule to the “virtual state” V (Fig. 
2.3.1.1c, green arrow). The molecule leaves this unstable state V immediately, emitting a 
scattered photon (Fig. 2.3.1.1c, blue, yellow or red). During the last step the molecule returns to 
the ground state S0 occupying different possible vibrational states. If the molecule occupies the 
same vibrational level then the irradiated photon has the same energy as the incident one (Fig. 
2.3.1.1c, yellow arrow) while the process itself is called an elastic scattering (also referred 
Rayleigh scattering). However, if the molecule returns to the different quantum state then the 
resulting emission has longer (Stoke’s inelastic Raman scattering, red arrow in Fig. 2.3.1.1c) or 
shorter (Anti-Stoke’s inelastic Raman scattering, blue arrow in Fig. 2.3.1.1c) wavelengths [29].  
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        The strongest scattering is Rayleigh scattering based on the isotropic polarizability of atoms 
where they act as antennas and emit the energy of the same incident frequencies. However, for 
molecules the polarizability can be anisotropic depending on the vibration and rotational modes 
in the molecular structure. This change in the polarizability of molecules leads to Raman 
inelastic scattering. As a rule, Stoke’s lines are stronger compared to anti-Stoke’s scattering and, 
thus, in spectroscopy Stoke’s frequency shift attracts more attention. However, the alteration in 
the polarizability of molecules should not be confused with a change in dipole moments, which 
is a key process for the infrared absorption in FTIR spectroscopy. In general, both, FTIR and 
Raman, spectroscopies are complementary since both of them give complete information about 
the molecular structure of the examined analyte.  
 
    
Fig. 2.3.1.2: Crystal violet spectra obtained with a) Raman (solid crystalline sample) and  
b) SERS (water-dissolved sample with CV concentration of 10-5M) spectroscopies 
 
       Turning to the dye’s Raman spectrum, crystal violet has three characteristic peaks at 
1175cm-1, 1365cm-1 and 1610cm-1 of the wavenumber (Fig. 2.3.1.2a). These Raman shifts 
correspond to the vibrational states of different bonds in the structure of the molecule. For 
instance, the peak at 1175cm-1 assigns the bend of C–H ring (in-plane vibrations), the second 
line at 1365cm-1 corresponds to the stretching modes in N–phenyl group (ν(φ−N)) whereas the 
third peak at 1610cm-1 rises from the stretching vibrations of C–C bonds [28]. The shown 
spectrum was obtained with the laser power of 2.5mW using solid crystal powder as a sample.  
       However, Raman spectroscopy has several drawbacks, which significantly limit its 
applications. Particularly, for the detection of small amount of molecules, which is common for 
nutrition samples, the sensitivity of Raman spectroscopy drops considerably. Besides that Raman 
scattering occurs only when sufficiently high laser intensities are employed which in its turn 
causes the high cost of the device. 
       Recently, it has been realized that such metals, as gold, silver and copper, can considerably 
improve the performance of conventional Raman spectroscope due to their plasmonic properties. 
Remarkably, plasmonics help us to overcome the named disadvantages in Raman spectroscopy, 
including limited sensitivity and applied high-power lasers. As it has been already described in 
sections 2.1 the excited surface plasmons enhance the incident electromagnetic field acting as 
Raman signal amplifiers and, thus, the laser power can be substantially reduced [30]. Another 
important property of noble metals is an ability to absorb the analyte formed in a homogeneous 
self-assembled monolayer. This absorption is based on the electron transfer between the 
molecules and metal surface. As a result, it also donates to the surface plasmon enhancement of 
Raman signal being known as a chemical enhancement while the method itself is referred 
surface enhanced Raman scattering (SERS) spectroscopy [26].     
       There is a great number of different configurations based on the surface plasmon enhanced 
Raman scattering. Fig. 2.3.1.3a shows Kretschmann’s geometry [31], where the irradiated laser 
beam undergoes through the total internal reflection (TIR) in the prism coupling to SPP 
momentum. The induced SPP propagate along the metal-air interface, covered with a layer of the 
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examined molecules, and enhance the resulting Raman scattering collected in the detector. 
Another strategy is so-called tip enhanced Raman scattering (TERS) spectroscopy (Fig. 2.3.1.3b) 
based on the surface plasmon coupling between the metal tip and surface [32]. Since the excited 
dipole-dipole bonding forms a “hot spot” due to this coupling, the signal is enhanced much 
stronger than in other methods. A large number of research articles reports about successful 
application of AuNP as a substrate for SERS spectroscopy (Fig. 2.3.1.3c) [30], [33]. The metal 
particles have several benefits, including low price and simple usage since LSP are excited 
without any special arrangements requiring only appropriate excitation resonance wavelength 
[34].  
 
Fig. 2.3.1.3: Surface enhanced Raman spectroscopies based on a) Kretschmann’s geometry, 
 b) Tip-enhanced Raman scattering (TERS) configuration and c) gold nanoparticles 
 
       With regards to SERS spectrum, Fig. 2.3.1.2b represents the signal collected from crystal 
violet absorbed on the surface of a gold nanostructure. In contrast to Raman spectrum, the 
applied laser power is lower (1mW) whereas the molar concentration of the detected molecules 
is 10-5M. Comparing two shown graphs (Fig. 2.3.1.2), we can conclude that the signal intensities 
are the same for both of the techniques without any shifts in the spectral positions of the 
characteristic peaks. Thus, SERS spectroscopy has great potential to be developed for single 
molecule detection in pharmaceutics and nutrition science.   
 
2.3.2 Laser-based transfection of living cells 
RNA interference (RNAi) based drugs are a new class of treatment of various diseases, including 
cancer and genetically inherited illnesses. These gene-silencing molecules have received a great 
investment from the large pharmaceutical and biotechnology companies since they have a 
promising potential to be developed as a next generation of therapeutics [35].  
 
 
Fig. 2.3.2.1: Therapeutic mechanism of siRNA molecule: a) siRNA structure, b) RNA-induced 




       One of the most intensively investigated genetic molecule, for example, is a small (or short) 
interfering RNA (siRNA), which is around 21-23 complementary bases long (Fig.2.3.2.1a) and 
can be targeted to a specific gene [35]. It has a double-stranded structure and when it gets inside 
the cell, into the cytoplasm (Fig.2.3.2.1b), it unwinds incorporating into RNA-induced silencing 
complex (RISC). Within this stable protein-RNA complex siRNA is directed to the messenger 
RNA (mRNA) known to be involved in the most diseases pathways. Then RISC cleaves the 
specific part of mRNA (Fig.2.3.2.1c), leading to its degradation and suppression of the protein 
synthesis of the targeted gene.  Remarkably, RNAi medication operates upstream of the protein 
synthesis by eliminating the mRNAs whereas the conventional drugs inactivate the disease-
associated proteins translated from the mRNA. For the discovery of these unique RNAi 
pathways in mRNA gene silencing two American scientists C. Mello and A. Fire were awarded 
with Nobel Prize in Medicine and Physiology in 2006. 
       Besides siRNA there is a growing number of biologically engineered molecules, such as 
microRNA, shRNA (small hairpin RNA) and oligonucleotides, which induce mRNA 
suppression as a gene therapy. However, in order to test their gene-silencing properties, 
biologists are facing the main problem associated with a delivery of these molecules into the 
cytoplasm through the cell membrane.  
 
 
Fig. 2.3.2.2: Living cells transfection methods can be summarized in four major groups: a) viral 
transduction, b) electroporation, c) lipofection and d) optoporation 
 
       There are several ways, in which gene-suppressive biomolecules can be delivered into the 
living cell. All of them can be classified in four major transfection strategies as it is illustrated in 
Fig. 2.3.2.2. The first technique involves the usage of viruses (Fig. 2.3.2.2a) as a cargo for the 
genetic molecules incorporated in the viral RNA [36]. The main advantage of this approach is a 
possibility to infect the entire living organism exposed to the genetically modified viruses. 
However, viral transduction is very hazardous since the viral RNA is highly vulnerable towards 
mutations. Alternatively, genetic biomolecules can be delivered into the cell through the pores 
perforated by a short electric pulse applied to the cell membrane (Fig. 2.3.2.2b) [37]. This 
method is referred “electroporation” and have relatively high efficiency but the cell viability 
strongly depends on the cell type. Another way of transfection is lipofection where the curing 
drugs are encapsulated in the micelles or liposomes (Fig. 2.3.2.2c) in analogy to the cellular 
endocytosis. The development of this strategy has been accelerated with the recent success in the 
design of self-assembled block copolymers [38], [39], which form artificial liposomes – vesicles. 
Although the modern polymer chemistry offers an enormous list of available polymers, not all of 
them are sufficiently biocompatible for the living organisms. In addition, the drug carriers based 
on them needs to be yet examined for their delivering efficiency. The curing molecules can enter 
the cytoplasm through the membrane pores perforated by a laser beam (Fig. 2.3.2.2d). This 




       Optoporation is based on the tight focusing of a laser beam on the cell membrane and due to 
the interaction of light with a bilayer of phospholipids we can perforate the pore, which allows 
the genetic material to enter the cell [40]. In general, this technique has several drawbacks. In 
particular, we need expensive pico- or femtosecond laser systems to perforate the cell since the 
longer pulsed irradiation leads to the strong light absorption in the cell as well as in the water-
based surrounding medium. In contrast to the already discussed viral transduction and 
lipofection, this approach is also characterized by manipulation of only a single cell and, thus, 
we cannot treat a large number of cells at the same time. In addition, the laser beam has to be 
carefully focused exactly on the membrane of each cell. It implies that any kind of 
misalignments in the beam focusing will reduce the photon fluency of the laser irradiation and, 
subsequently, the efficiency. To overcome the named disadvantages, the laser-based cell 
transfection can be significantly improved using plasmonic properties of gold nanoparticles [10]. 
 
 
Fig. 2.3.2.3: Mechanisms of the laser-based cell transfection using AuNP: a) incubation of the 
cells with nanoparticles and genetic biomolecules followed by b) the laser excitation of LSP at 
AuNP which perforate the cell membrane and increase its permeability to the curing molecules  
 
       The principle of the cell membrane perforation, using surface plasmon enhancement of the 
incident electromagnetic field at AuNP, is shown in Fig. 2.3.2.3 [11]. The treated cells are 
incubated with the desired biomolecules and gold nanoparticles, which arbitrary attach to the cell 
membrane due to their sedimentation (Fig. 2.3.2.3a). The entire sample is irradiated by weakly 
focused laser beam, which excites the localized surface plasmons on the surface of nanoparticles. 
The plasmon resonance enhancement induces thermal and near-field optical effects leading to 
the creation of the pores in the membrane through which the molecules can penetrate into the 
cytoplasm (Fig. 2.3.2.3b). This way of optoporation provides us with an enhanced throughput 
due to the high speed of laser scanning and increased laser spot diameter [10], [11]. 
       The described method provides us with a high efficiency in the plasmon-mediated cell 
membrane perforation. However, the possible impact of the applied AuNP on living organisms is 
not well understood yet. Although it is commonly believed that they are relatively 
biocompatible, there is some evidence that AuNP could be harmful for biological systems 
leading to various negative effects [41], [42], [43]. Such NP’s features as shape, size, and 
particle uptake as well as their aggregation/agglomeration can induce different mechanisms of 
primary and secondary genotoxicity. These mechanisms of AuNP cytotoxicity include different 
inflammations, oxidative stress, geno- and immunotoxicity.  
       All the possible interactions of AuNP with the cell as well as their interference with cellular 
bioactivity are summarized in Fig. 2.3.2.4 inspired by [44]. The particles can penetrate into the 
cell through the membrane in two different ways: membrane diffusion and endosome uptake 
[45]. The first one occurs when the particle size is very small while the larger NP and their 
aggregates are encapsulated in the endosomes in which they access the cytosol [46]. Within 
these endosomes the particles are transported to different cell organelles, such as cytoskeleton, 
mitochondria and nucleus, interacting with their biological processes. The mechanism of AuNP 
access to the DNA in the nucleus is mainly associated with diffusion across the pores in the 
nuclear envelope where they interact directly with DNA if their size does not exceed 10-15nm 
[47]. However, even larger particles such as 15–60nm can access the nucleus in dividing cells, 





Fig. 2.3.2.4: AuNP uptake and their interaction with cellular organelles as well as interference 
with different biological processes (mitosis, DNA replication, RNA transcription and translation) 
 
       In addition, the large aggregates of nanoparticles can deform the mitochondria, cytoskeleton 
and nucleus [46]. Particularly, the deformed shape of nucleus can negatively influence the 
mitotic processes, preventing the correct chromosome segregation and their functional 
components. The NP aggregates could also mechanically damage the chromosomes. 
Subsequently, it might cause the induction of multipolar spindle during the mitotic processes 
[48]. Normally, the cells divide into two daughter cells whereas multipolar division leads to the 
formation of several cells. However, the biological mechanism of this phenomenon is not still 
well understood since this type of mitosis might originate from the non-repairable AuNP-
mediated gene mutations or AuNP interaction with centrioles, cytoskeletal filaments and their 
associated proteins. Overall, the cytotoxic influence of AuNP on the biological systems requires 












3 Fabrication and structural characterization of plasmonic nanostructure 
In order to avoid the penetration of AuNP into the treated cells during LBCT treatment, we have 
been developing a new class of plasmonic nanostructures, which will provide us with a gentle 
cell membrane perforation, high efficiency and cell viability at the same time. Up to now, the 
laser-based cell transfection was based on the LSP excitation at the gold nanoparticles but, in 
principle, this technique can be performed with SPP excitation at the structured plasmonic 
surfaces. In this chapter we will be discussing the fabrication of the nanostructures based on the 
optical data storage discs since their optical, biological and dimensional properties as well as 
price are highly attractive for the applications in SERS spectroscopy and LBCT as plasmonic 
substrates.  
 
3.1 Structure and optical properties of optical data storage discs 
In 1982 Philips and Sony companies invented the first technically successful digital data storage 
system – compact disc (CD). Since that time the key motivation for the development of the 
optical data storage discs has been an increase in their storage capacity as well as an 
improvement of their quality. As a result, the manufacturing technology of the optical discs has 
been established with a high precision down to the nanoscale range. Nowadays, different disc 
formats are available, among which CD, DVD, HD DVD and Blu-ray are widely accepted 
throughout the world.  
 
 
Fig. 3.1.1: Comparison of different optical data storage discs 
 
       In general, the typical disc structure is shown in Fig. 3.1.1, where the scanning laser beam 
goes through the first polycarbonate (PC) layer, reaching the reflective metal coating, where it is 
reflected back to the detector [49]. These layers are covered with another PC film and protective 
acryl for DVD and HD DVD discs or directly with acrylic film with a graphical print in case of 
CD. The stored data in optical discs is encoded bit by bit as depressions called pits (further will 
be referred also nanowell or groove) and areas without depressions – lands (Fig. 3.1.1). Such 
configuration of the pits leads to the phase shift of the read-out laser beam reflected from the 
bottom side of the groove interfering destructively with the incident light [50]. The intensity of 
the resulting reflected light is significantly reduced and detected by the photodiode, which 
interprets the received signal as zero while the light reflected directly from the land is accepted 
as one. The pit length is adjusted from the inside outwards according to the constant rotational 
velocity whereas the speed of rotations depends on the corresponding travelled radius. Regarding 
the technical specifications of the shown discs, most of them are summarized in Table 3.1.1. 
       Turning to the applied reflective materials, the coating is usually produced by sputtering of a 
thin layer of metal, including nickel, aluminium and silver, which have relatively low cost and 
high stability [51]. Polycarbonate (PC) is employed as a basement due to its excellent optical 
properties (high transparency and negligible light absorption), absence of impurities, mechanical 
stability as well as minimal water uptake in comparison with other available polymers [51]. In 
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addition, PC is highly suitable for the precise mould replication, which is very important for the 
quality control of the encoded information. The named PC properties as well as the data 
encoding nanostructured pattern of the optical discs make the discs highly attractive for various 
applications in plasmonics and biophotonics as it was shown with CD [52] and DVD discs [53], 
[54]. However, in this work we will consider HD DVD as a prominent candidate for SERS 
spectroscopy and laser-baser cell manipulation. 
 
Table 3.1.1: A technical specification of CD, DVD and HD DVD discs formats [55], [51] 












Track pitch: p=1600nm p=740nm p=400nm 
Pits width: w=600nm w=350nm w=250nm 
Min. pits length: lmin=800nm lmin=400nm lmin=200nm 
Pits depth: v~180nm v~150nm v~70nm 
PC thickness: hpc=1.1mm hpc=0.6mm hpc=0.6mm 
PC refractive index: npc(780nm)=1.571 npc(650nm)=1.579 npc(405nm)=1.612 
Readout wavelength: λread=780nm λread=650nm / 635nm λread=405nm 
Numerical aperture: 0.6 0.38-0.45 0.9 
 
3.2 Fabrication of HD DVD substrate covered with a thin gold film  
In chapter 2 we emphasized that the surface plasmon excitation is very sensitive to the optical 
properties of applied materials as well as the structural and dimensional features of the designed 
nanostructures. Therefore, according to Table 3.1.1 HD DVD disc has the most suitable sizes of 
the pits (w=250nm and lmin=200nm) while the periodicity of the grating is p=400nm, which is 
much smaller than the excitation wavelengths. For this reason, we can simply use HD DVD as a 
plasmonic substrate at the visible and NIR light (λ=400-1200nm) in SERS spectroscopy and 
laser-based cell manipulation. 
       As an example of the fabrication process, let’s consider two disc formats – CD and HD 
DVD. The studied CD and HD DVD contain audio (The Best of Wolfgang Amadeus Mozart, 
Sony) and video (Harry Potter and Chamber of Secrets, Hitachi) files, respectively. Both of them 
were ordered from Amazon.co.uk. In order to eliminate the undesirable reflective coatings and 
protective acryl printings, CD disc was cleaved with a scotch tape (Fig. 3.2.1a). The adhesive 
tape was carefully attached to the topside of the disc and pull up cleaving the metal and acryl 
films. The cleaned polycarbonate substrate has a periodical arrangement of nanowells (Fig. 
3.2.2a), which have the same sizes as it is listed in Table 3.1.1.     
 
 
Fig. 3.2.1: Preparation of the optical discs for the gold film deposition: a) cleavage of CD with a 
scotch tape and b) separation of different layers with a sharp knife for HD DVD 
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       Turning to HD DVD, its sandwich-like structure of the disc was carefully separated with a 
sharp knife (Fig. 3.2.1b). The singe polycarbonate layer has the features sizes as it is given in 
Table 3.1.1 while the AFM image is shown in Fig. 3.2.2b. Then a thin gold film of 30nm in 
thickness was deposited on the surface of the obtained substrate (Fig. 3.2.2c) using a plasma-
assisted sputtering device (Leica EM) kindly provided by Prof. Westermann’s research group, 
Institute of Pathology, Jena. The applied power of the metal sputtering was adjusted to 50W for 
90 seconds since these parameters provide us with a desirable thin gold layer of 30nm in 
thickness. No chemical reagents as a special pre-treatment were applied since the chemical 
residues, which might be left during the applied purification steps, can affect the Raman signal in 
SERS spectroscopy as well as poison the examined cells seeded on them for LBCT. In addition, 
the fabricated gold-polycarbonate (Au-PC) nanostructures were cleaned with plasma treatment 








Fig. 3.2.2: 3D reconstructed AFM images of the studied polycarbonate nanostructures: cleaved 
CD disc (a); HD DVD substrate before (b) and after (c) the gold film deposition 
 
3.3 Structural characterization of the fabricated HD DVD based nanostructure 
In order to examine the quality and structural dimensions of the fabricated HD DVD based 
plasmonic nanostructures, we performed structural characterization using Atomic Force 
Microscopy (AFM) and Scanning Electron Microscopy (SEM) techniques kindly provided by 
Prof. Schubert’s research group in Nanotechnology and Nanoscience, Institute of Organic and 
Macromolecular Chemistry, Jena.  
       The applied AFM is an open-loop device and characterized by two scanning modes (contact 
and tapping) with a measuring volume of 25µmx25µm. AFM imaging was done in contact mode 
with n-type silicon SPM tips while each measurement was performed several times to ensure the 
reproducibility of the results. The reconstructed 3D AFM images have been already represented 
in Fig. 3.2.2 in section 3.2 whereas the corresponding line profiles are given in the Fig. 3.3.1a 
and b. According to the obtained line profiles, the depth of the pits varies in the range between 
40nm and 70nm and, thus, we assume the depth of the nanowells to be 60nm since most of the 
features have this value in depth.  
       Regarding SEM characterization, Fig. 3.3.1d shows the typical structure of the pits obtained 
with SEM where the electrons were accelerated with the energy of 20kV. To examine the density 
of the pits, a stochastic estimation was applied by counting the number of nanowells in five 
different regions with a size of 20µm x 20µm chosen arbitrarily. The performed statistical results 
are represented in Fig. 3.3.1c where the density of the pits is shown as a function of their length. 
As it can be seen almost 30% of the pits have a length of 200nm while the number of the rest 
nanowells diminishes with an increasing length.  
       AFM and SEM analysis also allowed us to estimate the pits width and periodicity of the 
fabricated gratings. The measured values are wmeas=245nm in the width and pmeas=400nm in the 
periodicity of HD DVD based nanostructure. Both parameters are in a good agreement with a 
given specification in Table 3.1.1. It should be emphasized that these parameters are very critical 
for the subsequent surface plasmon polariton excitation since any slight deviations in their values 
might significantly influence the resonance conditions at the maximal near-field enhancement of 




Fig. 3.3.1: AFM and SEM studies of a gold film deposited on HD DVD based PC substrate: 
a) pits width and depth for the chosen profiles; b) AFM image with examined line profiles;  
c) density of the nanowells as a function of different pits lengths; d) SEM image; 
 
       On the basis of the fabrication and characterization results, we can name the following 
advantages of HD DVD based gold plasmonic nanostructure: 
• The developed fabrication method is a simple single-step approach, which does not 
require any complicated purification and chemical modification procedures; 
• The grating itself has a low price since out of one HD DVD optical data storage disc (the 
used one costs 1 euro) we can produce around 100 substrates for SERS sensing or about 
25 cell-culturing samples for plasmon mediated cell optoporation; 
• The structural dimensions are in a good agreement with industrial specifications, which 
ensure the high reproducibility and quality of the plasmonic gratings; 
• The width, length and depth of the encoding pits as well as the periodicity of the 
structure are suitable for surface plasmon studies in visible light wavelength range.   
       Overall, HD DVD based gold nanostructures are highly attractive for different plasmonic 
applications due to their affordability and structural dimensions. Moreover, the integration of the 
substrates with already well-established HD DVD industrial production could allow us to 
develop a solid platform for the fabrication of cheap and high quality plasmonic nanostructures 
for biochemical sensing and living cells reprograming. This would also provide us with an 
opportunity to modify the periodical arrangement and the length of the nanowells, which could 








4 Theoretical modeling of surface plasmon excitation at the designed nanostructures 
The present chapter is devoted to the numerical calculations of surface plasmon excitation at the 
fabricated nanostructures, using the finite element modelling (FEM). The results of the 
performed computations are carefully analysed in order to define the optimal excitation 
wavelengths as well as appropriately related critical angles since they play important roles for 
the surface plasmon excitation at it has been emphasized in section 2.1.1. Subsequently, the 
obtained parameters will be applied for the plasmon mediated laser-based transfection and 
surface-enhanced Raman scattering spectroscopy. 
 
4.1 General theory and assumed approximations 
In section 2.1.2 we discussed different properties of surface plasmons considering three 
nanostructures, including nanosphere, nanorod and nanoprism. It was mentioned that Mie 
scattering theory employed for the spherical NP provides us with fully analytical description of 
E-field behaviour and corresponding absorption, scattering and extinction cross-sections. 
However, this approach is strictly limited to the spherical geometries being inapplicable for more 
interesting and realistic structures with irregularly shaped features that are randomly distributed 
in space. The electrodynamic solution for such complicated geometries requires numerical 
computation techniques, which involve iterative multistep procedures.  
 
Table 4.1.1: Assumed parameters and materials’ optical properties used for the calculations 
Plasmonic nanostructure HD DVD based gold substrate 
 
 
• 3D general view: 
 
• Potential applications: LBCT SERS 
• Applied metal: Gold, nAu [16] Gold, nAu [16] 
• Metal thickness: 30nm 30nm 
• Applied polymer: Polycarbonate  Polycarbonate 
• Refractive index of polymer: nPC=1.57 [56] nPC=1.57 [56] 
• Surrounding medium:  nWater=1.33 [57] nAir=1  
• Examined wavelength range: λexc=500-900nm λexc=500-900nm 
• Working wavelength: 750nm 785nm 
 
       Nowadays, there are, mainly, two well-developed computational modelling techniques: the 
finite element method (FEM) and the finite difference time domain  (FDTD). In our further 
studies of the designed nanostructures we are applying FEM technique since FDTD has some 
serious intrinsic limitations for solving Maxwell’s equations at boundaries due to its discretizing 
algorithm, which needs to be yet improved. Therefore, COMSOL Multiphysics 4.3b software 
based on FEM should ideally provide us with a suitable approach to calculate the near-field 
effects induced at our geometries. All the details regarding the methods and models are 
described in [58]. The assumed excitation parameters as well as refractive indices are 
summarized in Table 4.1.1. The optical properties of gold and polycarbonate are interpolated 
from [16] and [56], respectively. The structural dimensions of the designed geometry can be 
found in Table 3.1.1. 
       Due to the complex structure of HD DVD based plasmonic substrates their theoretical 
calculations are performed in two parts using 2D and 3D geometries. Within 2D model we 
assumed that the characteristic nanowells are homogeneously distributed with the same 
periodicity p (Table 3.1.1) while 3D structure is calculated in assumption that all the 
neighbouring pits have the same length l and located in a rectangular arrangement.  
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4.2 HD DVD based gold plasmonic nanostructure 
Our theoretical studies of surface plasmon polaritons induced at HD DVD nanostructure involve 
a diffractive optics approach in order to fulfil the phase-matching condition in the derived 
dispersion relation (1). Particularly, the incident TM-polarized light with a wavevector k was 
analytically expanded in several orders of diffraction where the 1st order component should 
ideally compensate the occurring momentum mismatch. All the diffraction orders were derived 
using Bragg’s vector G=2π/p in expression (3), where the periodicity p is assumed to be 400nm 
according to the results of SEM and AFM characterization of the substrates.  
 
 
Fig. 4.2.1: FEM calculations of SP excitation at the pit with a length of 500nm in water 
 
       The numerical calculations were performed at the wavelength range between 500nm and 
900nm with different surrounding media: air for SERS spectroscopy and water for LBCT. The 
refractive index of living cells is approximated to the values of water since 71% of the cell is a 
water-based solution. In addition, the examined cells will be treated in cell-culturing medium, 
which mainly contains water.  As an example of the applied assumption, Fig. 4.2.1 shows the 
electric field distribution over the pit with a length of 500nm induced with a wavelength of 
680nm at the normal incident light in water. Interestingly, in this image we can clearly see the 
diffraction pattern around the modelled prolate nanowell called Talbot effect. This effect is a 
near-field diffraction of the incident plane wave where the characteristic diffractive “carpet” is 










Fig. 4.2.2: a) and b) LSP excitation at the pit with a length of 900nm in water (λexc=900nm, 
θcrit=0°) and air (λexc=745nm, θcrit=0°), respectively; c) LSP and SPP plasmon coupling in water 
(λexc=800nm, θcrit=0°) and d) in air (λexc=630nm, θcrit=0°) 
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       The results of the calculations revealed that the localized surface plasmons are excited at any 
wavelength being always concentrated at the sharp voids of the studied nanowells (Fig. 4.2.2a 
and b). However, the magnitude of the corresponding LSP enhancement of E-field depends 
strongly on the excitation due to the resonant nature of this type of plasmons. The near-field 
enhancement is also dependent of the surrounding dielectric media as it was discussed in section 
2.1.2 where the plasmonic properties were discussed. For instance, the surface plasmons induced 
in water (|Emax|/|E0|=7 - Fig.4.2.2a) enhance the incident electromagnetic field stronger than those 
excited in the air (|Emax|/|E0|=6 - Fig.4.2.2b). It is important to notice that the enhancement factor 
is estimated as a ratio of the maximal electric field Emax and the initial field E0 needs to be 
squared for the experimental evaluation of the theoretical results since Raman signal as well as 
laser cell manipulation are based on the light intensity (I=|E|2).      
 
      
Fig. 4.2.3: Theoretically derived reflectivity in dependence of the incident angle for the air-gold 
(left) and water-gold (right) interfaces at HD DVD based plasmonic nanostructure 
 
       Turning to the SPP excitation, HD DVD pits exhibit a strong field enhancement of the local 
electromagnetic field due to the coupling between LSP at the edges and propagating surface 
plasmon modes at the gold-dielectric interface (Fig. 4.2.2c and d). Due to this interaction the 
resulting electric field can be amplified by the factor of 18 and 13 for the water and air, 
respectively. As it was mentioned for Kretschmann’s geometry, the drop in reflectivity is a good 
and reliable indicator of SPP excitation. Particularly, Fig. 4.2.3 shows the reflectivity as a 
function of the incident angle for the wavelengths of 785nm in air (left) and 750, 800, 850nm in 
water (right) at which the propagating modes of plasmons can be induced.   
 
      
Fig. 4.2.4: SPP excitation at lower frequencies in water (left) and air (right) 
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       Remarkably, the represented graphs in Fig. 4.2.2 have a double splitting at different angles 
of incidence. Moreover, in Fig. 4.2.2 right we see that with an increasing excitation wavelength 
the drop in reflection shifts towards the higher illumination angles. Fig. 4.2.4 shows the 
localization of SPP induced at HD DVD grooves in water (λexc=800nm, θcrit=7° - left) and in air 
(λexc=785nm, θcrit=8° - right), which correspond to the first minima in reflectance curve. At these 
incident wavelengths and angles the surface plasmons are travelling inside the wells avoiding the 
lands in-between them.  
 
      
     Fig. 4.2.5: SPP excitation at upper frequencies in water (left) and air (right) 
 
       If we tilt the angle to the values of the second reflectivity minimum, which is sharper than 
the first one, we observe completely different behaviour of SPP.  In this case, the plasmon modes 
propagate along the flat areas between the nanowells of the grating (Fig. 4.2.5). If we calculate 
HD DVD gold nanostructure for the wide range of excitation wavelengths and incident angles 
(Fig. 4.2.6), the splitting in reflectance will be observed for the most of the wavelengths above 
650nm for water (Fig. 4.2.6 left) and from 600nm till 800nm for air (Fig. 4.2.6 right). It implies 
that SPP induced at the optimally related wavelengths and critical angles will be propagating in 
the described fashion either in between the prolate nanowells of HD DVD grating or inside them. 
The occurring phenomenon is named surface plasmon polaritonic band gap [59], [60], [61] while 
the structure with such corrugated surface topology is referred surface plasmon polaritonic band 
gap crystal [61], [62]. 
 
  
Fig. 4.2.6: SPP reflectivity contour plots in dependence of the excitation wavelengths and 
incident angles of illumination in water (left) and air (right) 
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       In order to understand properly what exactly follows in such polaritonic band gap crystals, 
we need to discuss the effect of the corrugated surface on the dispersion relation of SPP modes. 
For the smooth metal film the dispersion curve has a simple form, as shown in Fig. 2.1.1.1. If the 
depth of the nanostructure is sufficiently small then SPP wavevector kSPP will be slightly 
affected by the surface reefing without any influence on their propagation. However, when the 
corrugation depth approaches to the half value of the Bragg’s wavevector G or beyond, the 
energy gap in dispersion relation of SPP opens up (see Fig. 4.2.7) in analogy with the photonic 
crystals where the light can propagate only when it has specific wavelengths allowed in the 
structure [60].  
 
 
Fig. 4.2.7: Dispersion relation of surface plasmon polaritonic band gap (green curve) 
 
       It is evident that for the occurrence of the full gap between, at least, two grooves directions 
there should be some spectral range for which SPP modes are not allowed for the propagation. 
The shown in Fig. 4.2.7 disrupted spectral region in SPP dispersion relation forms a band gap 
characterized with two particular frequencies: lower (below the gap) and upper (above the gap). 
Thus, in analogy to the electron wavefunctions in solids, there are two SPP modes, which have 
the same wavelength but different surface charge distributions and, as a result, different 
frequencies. The upper band gap edge ω+ has higher energy due to the larger distance between 
the induced dipoles and the greater distortion of the local field (Fig. 4.2.5) than for the lower 
frequency ω- (Fig. 4.2.4). The surface plasmons excited with the frequencies in the band gap 
between ω- and ω+ are not allowed to propagate along the metal-dielectric interface. Using this 
property, we can, for example, block SPP propagation in all in-plane directions simply 
modulating the periodicity and depth of the grating [63]. At the energy gap edges the density of 
surface plasmon states is very high, which leads to the considerable increase in the associated 






Fig. 4.2.8: Bloch standing surface plasmon polaritons induced in the nanowells of HD DVD 
gold nanostructure in a) water and b) air 
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       Another important feature of the polaritonic band gap is a possibility to induce so-called 
Bloch standing surface plasmon polaritons (Fig.4.2.8), which cannot propagate within the metal-
dielectric surface but stay at the same location [64], [65], [66]. In our particular case, these 
modes are confined inside the prolate nanowell of HD DVD nanostructure and can be excited 
when the length of the pit contains an integer number of SPP wavelengths, which are much 
shorter than the incident light according to the dispersion relation (1). If the condition lpit=nλSPP 
is fulfilled then the entire nanowell behaves as Fabry-Perot resonator drastically enhancing the 
local electromagnetic field due to the strong confinement of coupled LSP and Bloch standing 
SPP as in Fig.4.2.8. This property of the designed HD DVD based gold nanostructure can be 
observed mainly for the pits with a length more than 400nm since the length of smaller wells is 
comparable or even shorter than the wavelength of the induced plasmons.  
       Additionally, we need to make some general remarks regarding the surface plasmon 
excitation in the applied dielectrics. In aqueous medium (λexc=800nm, θcrit=22° - Fig. 4.2.5 left) 
SPP are bounded closer to the gold surface than in the air (λexc=785nm, θcrit=68° - Fig. 4.2.5 
right) due to the higher resistance (refractive index) of water, which supresses the coherently 
oscillating electrons to the metal. As a result, the plasmonic dipole-dipole oscillations in water 
enhance the electric field stronger due to their denser localization in the near vicinity to the 
metal. Another important observation is SPP excitation not only at the air-gold or water-gold 
interfaces but also at polycarbonate-gold boundaries (Fig. 4.2.4 and 4.2.5). The numerical 
computations show that there is a periodic surface plasmon enhancement on both opposite metal-




Fig. 4.2.9: Near-field enhancement in dependence of the excitation wavelengths and incident 
angles in water (left) and air (right) 
 
       Turning to the near-filed enhancement |Emax|/|E0| and corresponding absorption of light in 
the deposited metal layer, Fig. 4.2.9 and 4.2.10 represent the contour plots where the SPP 
enhancement of the local electric field and absorption are shown in dependence of the excitation 
wavelengths and incident angles for the water (left) and air (right). The most of the energy is 
absorbed at the lower wavelengths, typically below 600nm where gold has high optical losses, 
which cause the subsequent thermal heating due to the associated SPP excitation. There are also 
several absorption peaks situated at the same wavelengths and angles as the maximal surface 
plasmon enhancement is observed. SPP accompanied metal absorption is directly associated with 
collective oscillations of conducting electrons in the metal. Specifically, when coherently 
oscillating free electrons amplify the incident electric field at the suitable resonance conditions, 
they strongly collide with the atoms in the lattice structure of the metal, rapidly dissipating the 
energy. These electron-lattice collisions lead to the heat generation within the metal 




Fig. 4.2.10: SP absorption contour plots as functions of the excitation wavelengths and incident 
angles in water (left) and air (right) 
 
       To summarize the entire chapter, we need to emphasize the most prominent plasmonic 
features of the calculated HD DVD based gold plasmonic nanostructures: 
• Localized surface plasmons are induced at any excitation wavelength being confined at 
the sharp edges of the pits; 
• The magnitude of LSP associated near-filed enhancement depends on the excitation 
wavelength due to their resonant nature;  
• Surface plasmon polaritons can be excited only at optimally related wavelengths and 
illumination angles which fulfil the phase matching condition in SPP dispersion;  
• Due to the plasmon coupling of the induced LSP and SPP the resulting enhancement of 
the initial electric field can reach the values of 18 and 13 in water and air, respectively; 
• The studied structure has a surface plasmon polaritonic band gap, which provides us with 
an opportunity to excite different plasmon propagating modes by simply switching the 
incident illumination angles and the excitation wavelengths; 
• Under some special conditions the whole nanowell can act as Fabry-Perot cavity and 
restrain Bloch standing surface plasmon polaritons within its volume; 
• Bloch standing surface plasmon polaritons enhance the incident electromagnetic field 
much greater than the propagating plasmons due to their strong confinement in the 
nanowell. 
       Due to the named properties of the designed plasmonic grating, HD DVD has a great 
potential for different applications, including spectroscopy, biomedicine, telecommunication and 


















5 Experimental results 
Within this chapter we will discuss the applications of the fabricated HD DVD gold plasmonic 
nanostructures in surface-enhanced Raman scattering spectroscopy and laser-based cell 
manipulation. The obtained results of theoretical calculations will be used for the experimental 
tests with the wavelengths of 785nm and 800nm for SERS spectroscopy and LBCT, 
respectively. 
 
5.1 Surface-enhanced Raman scattering spectroscopy at the fabricated nanostructures 
SERS spectroscopy becomes a powerful tool since this technique provides us with a great 
opportunity to detect small amount of analyte down to single molecule limit. Therefore, in 
collaboration with Prof. J. Popp’s research group in Raman spectroscopy and biochip sensors, 
IPHT, Jena, we are going to validate our designed gold nanostructures based on HD DVD for 
analytical investigation of different substances.  
 
 
Fig. 5.1.1: SERS measurements of molecules absorbed at HD DVD based plasmonic substrate 
 
       The entire SERS process performed at our substrates can be described in the following way 
as it is presented in Fig. 5.1.1. The examined molecules are chemically absorbed at the metal 
surface of the structure forming a homogeneous monolayer. Then the substrate is illuminated 
with a laser beam focused on the gold surface. Due to the coupling of diffracted light with SPP 
momentum, the propagating surface plasmon modes are excited and travel along the air-gold 
interface amplifying a local electromagnetic field. The resulting enhanced Raman signal is 
detected by the photodiode and converted to Raman spectrum of the studied analyte. In addition 
to the near-filed surface plasmon enhancement, there is also a contributing chemical 
enhancement, which originates from a charge transfer between the metal and analysed 
molecules. However, SPP effect exceeds the chemical contribution and, therefore, we can 
assume that the resulting Raman signal is mainly amplified by the induced surface plasmons.  
 
5.1.1 Detection of nile blue and crystal violet molecules 
In this section, we will be discussing the results of SERS measurements obtained for NB and CV 
molecules detected at HD DVD nanostructured gold grating. The employed Raman confocal 
microscope is Alpha 300 (WITec) coupled to the laser system with an excitation wavelength of 
785nm. For the experiments we will study nile blue (NB) and crystal violet (CV) molecules, 
widely used as SERS probes for testing of different plasmonic nanostructures and colloidal 
solutions. Both dyes have various applications, especially, in textile industry and 
immunohistochemical staining of biological samples, including cells and tissues.  
       The examined analyte is suspended in water in molar concentration of 10-5 M and the drop 
of 70µl is placed directly on the surface of the nanostructure. After its evaporation the substrates 
are examined using Raman microscope with the parameters listed in Table 5.1.1. Since the 
analyte concentration is very low, the laser power is adjusted to the value of 2mW to ensure the 
high intensity of the detected signals. The single line scan is measured at 10 different points and 
Raman signal is collected for the integration time of 0.33s. This procedure is repeated three 
times over arbitrary chosen areas and the obtained data are averaged for the examined samples.    
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Table 5.1.1: Parameters applied for SERS measurements of NB and CV 
Parameters of SERS measurements  Value Units 
• Excitation wavelength: 785 nm 
• Applied grating: 300 g/mm 
• Spectral centre: 1996,949 cm-1 
• Integration time: 0.33 s 
• Applied laser power: 2 mW 
• Analyte molar concentration: 10-5 M 
• Number of measured points in a single line scan: 10 − 
• Objective magnification: 10x − 
• Numerical aperture: 0.2 − 
 
       Fig. 5.1.1.1a shows a typical Raman spectrum of nile blue measured at the described 
parameters. In order to get clear visualization of the excited modes we need to process the 
spectra by subtraction of the background signal, which originates from the polycarbonate 
basement (Fig. 5.1.1.1b) of the grating. However, the resulting signal (Fig. 5.1.1.1c) still needs to 
be improved since the applied Raman wavelength of 785nm matches the fluorescent excitation 
range of the examined dyes. Therefore, we created a baseline, which eliminated the undesirable 
contribution from fluorescence as it can be seen in Fig. 5.1.1.1d. 
 
 
Fig. 5.1.1.1: Processing of SERS spectrum: a) original NB signal; b) spectrum of the 
background; c) subtraction of both spectra; d) signal after elimination of the fluorescence 
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       The processed SERS spectra of CV and NB absorbed at HD DVD based nanostructure 
excited at 785nm are presented in Fig. 5.1.1.2.  The most prominent peak in NB spectrum is 
observed at the wavenumber of 590cm-1 (Fig.5.1.1.2 left). This characteristic mode corresponds 
the ring breathing in the molecular structure of the dye. In contrast to NB, crystal violet has three 
main modes at 1175cm-1, 1365cm-1 and 1610cm-1 in Raman shift (Fig. 5.1.1.2 right). These 
peaks assign the bends of C–H rings, the stretching modes in N–phenyl group (ν(φ−N)) and the 
stretching vibrations of C–C bonds, respectively. 
 
        
Fig. 5.1.1.2: SERS spectra of nile blue (left) and crystal violet (right) measured at HD DVD 
based gold nanostructure with the wavelength of 785nm and normal incident light 
 
     In general, the results of SERS studies approve the possibility to use the designed 
nanostructure as a substrate for chemical characterization of the molecules. However, this 
investigation was performed at the normal incident light and the angular dependence of SPP 
excitation will be revealed in the following section. 
 
5.1.2 Detection of molecules with a tilted illumination 
As it is shown in Table 5.1.1 the applied microscope objective has a low magnification (10x) and 
NA (0.2) since the resulting focused laser beam has longer Rayleigh length and, thus, it will 
significantly simplify the inclination of the substrates in order to test the observed angle- 
dependence of SPP excitation. According to the numerical computations at some critical angles 
the characteristic peaks in Raman spectra of the molecules should have much higher intensity 
than the signals obtained at normally illuminated light. As an example, Fig. 5.1.2.1 shows SERS 
spectra of nile blue (left) and crystal violet (right) dropped on the surface of the fabricated 
nanostructured gratings and measured at the angle of 4° and at 2°, respectively.  
 
        
Fig. 5.1.2.1: SERS spectra of NB (left) and CV (right) measured at HD DVD based gold 




       According to the shown graph in Fig. 5.1.2.1 left, the intensity of NB characteristic peak at 
the wavenumber of 590cm-1 is much higher than for the experiments performed with normally 
irradiated laser beam (Fig. 5.1.1.2 left) – approximately 1600 and 950 CCD counts for the angles 
of 4° and 0°, respectively. The same phenomenon is observed for CV molecules (Fig. 5.1.1.2 and 
5.1.2.1 right): at 2° the intensity is enhanced roughly by factor 2. However, when we increase an 
incident angle, the signal intensity diminishes considerably as it is evident in the Fig. 5.1.2.2 for 
both of the dyes.     
       
Fig. 5.1.2.2: SERS spectra of NB (left) and CV (right) measured at HD DVD based gold 
nanostructure with the wavelength of 785nm and the incident angles in the range between  
 
       In order to evaluate the enhancement of Raman intensity, the Lorenzian profiles are fitted to 
the shape of the characteristic peaks in the spectra of the molecules since the areas of these 
profiles correspond to the intensity of SERS signal. Particularly, the modes at 590cm-1 and 
1175cm-1 are chosen for nile blue and crystal violet, respectively. The results of these 
calculations are shown in Fig. 5.1.2.3, where the theoretical near-filed enhancement |Imax|/|I0| is 
also represented. For convenience the data are normalized to the maximal intensities. 
 
 
Fig. 5.1.2.3: Normalized intensity of NB and CV peaks as well as theoretically derived near-field 
enhancement |Imax|/|I0| in dependence of the incident angle of Raman excitation 
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       According to the represented graph (Fig. 5.1.2.3) the experimental SERS results are in a 
good agreement with results of numerical calculations. However, there is a slight shift of the 
maximal intensity to the smaller angles whereas the maximal theoretical SPP enhancement can 
be achieved at 6°. This shift can originate from several possible factors: 
• The calculations are performed for the idealized nanostructures while the fabricated 
substrates might have some imperfections, including large grain sizes in the sputtered 
gold layer as well as the varying dimensions of the nanowells; 
• The chemical absorption of molecules should result in a homogeneous monolayer but this 
process is not ideal forming the clusters and spots within the surface; 
• Although the employed objective provides us with a high flexibility in the inclination of 
the substrate, its numerical aperture is not sufficient to collect all the signal from the 
sample;  
       Besides the named reasons, the drop of SERS intensities above 6° occurs due to the high 
angles of illumination. Specifically, the tilted substrate partially reflects the light to CCD 
detector while the rest is forwarded aside.   
       Nevertheless, the obtained experimental data provides us with a strong evidence of SPP 
excitation at the designed gratings. These findings indicate that LSP and SPP plasmon coupling 
provides us with much higher near-field enhancement of the incident electromagnetic field 
which opens new horizons for the detection of small analyte concentrations in nutrition science 
and food analytics.   
 
5.2 Transfection of MCF-7 breast cancer cells cultured on the designed nanostructures 
Due to the possible cytotoxicity of AuNP for the living organisms described in chapter 2, we 
would like to apply our designed nanostructure not only in SERS sensing but also for the 
treatment and reprogramming of different cells, such as cancer, stem and neuron cells. Ideally, 
HD DVD based plasmonic substrate should improve the throughput as well as efficiency of the 
surface plasmon mediated optoporation and, in contrast to AuNP mediated transfection, prevent 
the penetration of gold inside the cytoplasm.  
 
 
Fig. 5.2.1: Laser based transfection of cancer cells seeded on HD DVD gold plasmonic 
nanostructure: a) incubation of the cells on the substrates with desirable transfecting 
biomolecules; b) Laser beam excited surface plasmon polaritons propagate along the metal-
dielectric interface increasing the permeability of the cell membrane for the molecules 
suspended in the culturing medium. 
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       In principle, LBCT performed at HD DVD gold grating should work in the same manner as 
it has been described for gold nanoparticles but in our case the examined cells are perforated 
with propagating surface plasmon polaritons (Fig. 5.2.1). Particularly, the examined cells are 
cultured on the substrates and incubated with genetic biomolecules, which need to be delivered 
into the cytosol (Fig. 5.2.1a). When we illuminate the cells with a tilted focused pulsed laser 
beam from the topside of Petri dish (Fig. 5.2.1b), we excite surface plasmon polaritons, which 
travel along the cell-gold interface gently tearing the cell membrane. The designed nanostructure 
is highly beneficial for the photoporation since the SPP-mediated perforation of the cells is not 
accompanied with the penetration of gold inside the cytoplasm. As a result, the transfecting 
molecules can enter the cells through the pores formed by surface plasmon propagating modes 
(Fig. 5.2.1b).  In addition, the estimated SPP lifetime is in the range of several femtoseconds and, 
thus, they should not harm the cells significantly if the employed laser fluencies are 
appropriately chosen.  
 
5.2.1 Experimental setup, materials and methods 
In collaboration with Prof. Nolte’s research group, IAP, Jena, we developed a new experimental 
setup since previously employed system is not so suitable for our experiments. The main 
disadvantage is that the used microchip laser generates the light with wavelength of 532nm, 
which corresponds to the regime of high absorption and thermal heating at our plasmonic grating 
(Fig. 4.2.10 left). At the same time, the lasing systems, which emit the light with the wavelength 
above 1000nm, are also not applicable due to the high light absorption in water. Therefore, the 
applied laser system has an emission in the desirable wavelength range between 700 and 950nm. 
Although we performed the experiments with the wavelengths of 700-800nm (step 50nm), in this 
work we will demonstrate the results of the laser-based cell optoporation only at 800nm since 
this wavelength emission is the most prominent for future applications in biological laboratories. 
 
Fig. 5.2.1.1: Schematic illustration of the developed experimental setup         
 
       The entire developed experimental setup is sketched in Fig. 5.2.1.1. The femtosecond pulsed 
laser system (PHAROS) has a regenerative amplifier based on Yb:KGW lasing medium with a 
fundamental wavelength of 1026nm. Kerr lens mode-locking oscillator generates the pulses of 
144fs at a repetition rate of 60kHz. The system delivers the maximal output power of 480mW. In 
order to alter the emitted wavelength, the irradiated beam is guided to the optical parametric 
amplifier (OPA, PHAROS) where it is converted to the required wavelengths. Then the light 
passes through the series of filters, which reduce the power of the emission. Finally, the beam is 
reflected by three mirrors (ThorLabs) and focussed (f = 60mm) onto the sample in the cuvette 
(Helma). The cuvette with a substrate is placed on the scanning stage, which has a scanning 
velocity in the range between 1-12mm/s. The laser fluencies applied for the cells treatment has 




Table 5.2.1: Applied laser parameters for the surface plasmon mediated cell perforation 
Parameters of the laser treatment Value Units 
• SPP excitation wavelength, λexc: 800 nm 
• Pulse duration, τ: 144 fs 
• Repetition rate, R: 60 kHz 
• Maximum output power, Pmax:  480 mW 
• Lens focal length, f: 60 mm 
• Beam spot diameter, dbeam: 24.55 µm 
• Laser spot size, Sbeam: 473.3 µm2 
• Applied laser fluencies, Φ: 5; 10; 14; 16; 25; 35 mJ/cm2 
• Maximal scanning stage velocity, vstage: 12 mm/s 
 
       The applied scanning stage is adjustable not only in x and y directions but also in z-axis, 
which allows us to focus the laser beam properly on the surface of the nanostructure by moving 
the focusing lens (Fig. 5.2.1.1). This function is important for the subsequent experiments since 
our theoretical as well as SERS experimental findings suggest that the optimal laser treatment 
can be achieved only at appropriately related wavelengths and angles. In addition, for the 
convenient tilting of the laser beam we transported the samples from the dishes in the cubic 





Fig. 5.2.1.2: left) Structured illumination microscopy image of MCF-7 cancer cells (green –
cytoskeletal filaments, blue – nucleus); right) Molecular structure of calcein dye 
 
       All the experiments were conducted with MCF-7 cells (ATCC) kindly provided by Prof. 
Heintzmann’s research group, IPHT, Jena. The structured illumination microscopy image of the 
cells is shown in Fig. 5.2.1.2 left (made in Prof. R. Heintzmann’s research group). This 
immortalized cell line was extracted in 1970 from the breast malignant tissue and has been 
widely used for cancer research in biological labs. The cells were seeded on the surface of the 
designed plasmonic nanostructures (pre-treated with plasma and sterilized in ethanol and UV-
light) in Petri dishes (VWR) and incubated in RPMI-1640 (PAA) culturing medium with 10% of 
fetal bovine serum (FBS) at 37° and 5% of CO2 humidified atmosphere. RPMI-1640 medium 
was also used as a transfecting medium while the perforation efficiency was evaluated by 
measuring the uptake of the impermeable calcein dye (Fig. 5.2.1.2 right) dissolved in the 
medium before the cell treatment. The scanning velocities during the optoporation were 
programmed to the values of 8, 10 and 12mm/s. After the treatment the cells were washed two 
times with Phosphate-Buffer Saline (PBS) to remove the left calcein molecules and observed 
with an inverted fluorescent microscope (Axiovert 200M, Zeiss) equipped with CCD-camera 
(Andor). The control group was estimated by counting the number of cells cultured on the same 
substrate but remained without any laser exposure. 
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5.2.2 Treatment of MCF-7 breast cancer cells 
According to the numerical calculations performed at the wavelength of 800nm for HD DVD 
based gold plasmonic grating immerged in aqueous medium, SPP excitation is feasible when the 
incident light is tilted at the critical angles of 7° and 22° (Fig. 4.2.3 right). These angles 
correspond to different surface plasmon propagation modes, which can travel either inside the 
nanowells or in-between them as it was outlined in chapter 4.  
 
        
Fig.5.2.2.1: SPP treated MCF-7 cancer cells cultivated on HD DVD plasmonic substrate with 
the wavelength of 800nm and the incident angle of 7° (Φ=25mJ/cm2; vscan=10mm/s) 
 
       In our experiments we tested different incident angles in the range from 0° till 45°, including 
the derived values for the wavelength of 800nm. Remarkably, but only the theoretically 
determined angles of 7° and 22° could provide us with significant results in the cell perforation 
rate. For instance, Fig. 5.2.2.1 shows the bright field and fluorescent microscope images of SPP 
treated MCF-7 cells irradiated with the wavelength of 800nm and critical angles of 7°. The 
presented cells were treated with a laser fluency of 25mJ/cm2 and scanning stage velocity of 
10mm/s. In order to estimate the perforation rate as well as cell viability of the developed laser 
treatment, we counted the number of treated fluorescing cells, their total number and those, 
which left without any laser exposure, in five different areas chosen arbitrary. As an example of 
these statistical studies, Fig. 5.2.2.2 left shows the efficiency and viability in dependence of the 
applied photon fluencies for the wavelength of 800nm and angle of 22°. The highest perforation 
rate and cell viability are achieved at the radiant exposure in the range between 14-16mJ/cm2. 
Overall, the same results were observed for other wavelengths and incident angles, which will be 




Fig.5.2.2.2: left) Efficiency and viability of treated cells as functions of the fluencies (λ=800nm, 




In the frame of this project a novel plasmonic gold nanostructure has been designed, involving 
its simple chemical fabrication, structural characterization and theoretical calculations of the 
surface plasmon excitation at the surface of the deposited gold film. The presented substrate is 
based on HD DVD optical data storage disc, which has excellent optical properties and suitable 
nanofeatures sizes for different application fields, including SERS spectroscopy and laser-based 
cell manipulation.   
       The developed fabrication method is characterized by simplicity and reproducability which 
result in low cost of the designed plasmonic nanostructure. The conducted AFM and SEM 
characterizations revealed that the surface nanofeatures, such as nanowells and their periodical 
arrangement, have the same sizes as it is given in  the industrial technical specifications. These 
findings ensure us that the future fabrication of the substrates will be sufficiently reliable for the 
subsequent surface plasmon generation at their surface. In addition, the developed technique can 
be easily incorporated with the existent optical discs read-out systems (scanning lasers and 
photodetectors), which will allow us to employ it in the normal chemical or biological lab 
environment. 
       With regards to the numerical calculalations, HD DVD based gold nanostrucutre has several 
remarkable plasmonic effects. For instance, redardless the wavelength of the excitation light the 
localized surface plasmons are always confined at the sharp voids of the nanowells. However, 
the magnitude of LSP near-field enhancement strongly depends on the surrounding dielectric 
medium and the wavelength of the incoming laser beam due to LSP resonant nature. The near-
field enhancement of the incident electromagnetic field can be significantly improved if LSP are 
effectively coupled to the SPP. These surface plasmon propagating modes can induced only if 
the phase-matching condition in SPP dispersion relation is fulfiled. In our example, the occuring 
momentum mismatch is compensated via coupling of the diffrated light to SPP momentum. The 
surface plasmon polaritons can be modulated or even totally blocked since the designed 
nanostructure posseses a surface plasmon polaritonic band gap, which provides us with an 
opportunity to switch between the different plasmon propagating modes. In addition, when the 
length of the pit contains an integer number of SPP wavelengths, the polaritons are confined 
within the volume of the structure and resulting Bloch stanging plasmon waves enhance 
drastically the local electric field due to the reduced absorption losses in the metal.  
       Turning to the applications of the developed nanostructure, the experimental studies in 
SERS spectroscopy and laser-based cell transfection demonstrated promising results. The 
detection of different molecules, such as nile blue and crystal violet, proved the angular 
dependence of SPP excitation, which implies that the sensitivity of SERS studies for chemical or 
biological analyte can be improved simply by tilting the light. The same phenomenon was 
observed for SPP enahnced optoporation where only optimally related excitation wavelengths 
and illumination angles could provide us with a high perforation rate and cell viability at the 
same time. In addition, SPP treatment of the cells requires low laser power due to the enhanced 
local electromagnetic field. Specifically, the optimal fluency is in the range between 14 and 
16mJ/cm2 for the scanning velocity of 10mm/s. 
       Overall, the developed HD DVD plasmonic gold nanostructure have a great potential not 
only for the biochemical sensing of different molecules and gene therapy based cancer research 
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